into two clusters, which migrate laterally until they contact and coalesce with the somatic precursors of the gonad (Warrior, 1994; Jaglarz and Howard, 1995).
embryo (Lehmann, 1995); however, the germ cells prostaining is also observed in the pole cells of nos Ϫ male embryos (data not shown, see below). (We also typically duced in embryos from nos mutant mothers are abnordetect a low level of Sxl antibody staining in the posterior mal (hereafter referred to as nos Ϫ embryos or pole/germ soma of nos Ϫ male embryos; data not shown.) Sxl procells). These nos Ϫ germ cells exhibit striking defects tein was also observed in the pole cells of male and in migration. These migration defects are most clearly female embryos from nos RC /nos BN mothers. evident in progeny derived from nos Ϫ hb Ϫ germline To confirm that Sxl is ectopically expressed in the pole clones in which the development of the soma is normal cells of nos Ϫ embryos, we used confocal microscopy to because maternal hb is removed (Hulskamp et . A different result was obtained for nos Ϫ emthe mesoderm, but these usually fail to migrate laterally bryos. As illustrated by the double labeled male nos Ϫ or make contact with the somatic gonad. Pole cell transembryo in the middle panel in Figure 1 , we detect both plantation experiments argue that these migration deVasa and Sxl protein in the pole cells. Precisely the same fects arise because the nos gene product is required result was obtained for female nos Ϫ embryos; however, within the pole cells (Kobayashi et al., 1996) . In addition in this case a high level of Sxl antibody staining was to migration defects, Kobayashi et al. (1996) showed that also observed in the soma. Confocal microscopy was nos Ϫ germ cells prematurely activate several germlinealso used to examine Sxl protein expression in germ specific enhancer traps. In wild-type embryos, these cells later in embryonic development during stages 10-enhancer traps are turned on only after the germ cells 12. This is still prior to the time when Sxl is normally coalesce with the somatic gonad; however, in nos Ϫ emactivated in the female germline, and no Sxl protein bryos, the enhancer traps are prematurely expressed could be detected in the wild-type control (data not during the midgut invagination (Asaoka et al., 1998) .
shown). We found variable levels of Sxl protein in the Vasa-positive germ cells of nos Ϫ embryos (bottom row). Results
Moreover, Sxl protein was seen in the nos Ϫ germ cells irrespective of the sex of the embryo (left, female; right, The premature activation of several germline-specific male). enhancer trap lines in nos Ϫ pole cells (Kobayashi et al.
1996) raised the possibility that Nos is involved in either
Sxl Establishment Promoter (Sxl-Pe) Is Activated the establishment or maintenance of transcriptional quiin the Pole Cells of Embryos that Lack nos escence. If this were true, genes, which are normally Activity Maternally active in the soma, but not in the germline of early emTwo different mechanisms could potentially account for bryos, might be inappropriately expressed in nos Ϫ pole the accumulation of Sxl protein in pole cells of nos Ϫ cells. To test this idea, we first examined the expression embryos. Since nos is known to block the translation of the Sxl gene, which is known to be quiescent in early and promote the turnover of maternally deposited hb germ cells, in nos Ϫ embryos. mRNA, it is possible that maternal Sxl mRNA is inapproThe transcription of Sxl in precellular blastoderm empriately translated in the absence of the Nos protein. bryos is controlled by a system that measures the X Alternatively, if nos is required to establish/maintain chromosome to autosome ratio (X/A) (Keyes et al., 1992). transcriptional quiescence, then Sxl protein might be When the X/A ratio is 1 (female), the Sxl establishment produced in nos Ϫ pole cells by the inappropriate tranpromoter, Sxl-Pe, is activated in all somatic nuclei. In scriptional activation of Sxl-Pe. contrast, when the X/A ratio is 0.5 (male), this promoter To distinguish between these possibilities, we used remains off. The X/A counting system does not operate a Sxl-Pe:Lac-Z reporter (Keyes et al., 1992). In an otherin the germline, and the Sxl-Pe promoter is not turned wise wild-type background, the Sxl-Pe promoter drives on in the pole cells of either sex (Keyes et al.,1992). In ␤-galactosidase expression in female but not male emfact, expression of Sxl protein in the germline cannot bryos. Males carrying the Sxl-Pe:LacZ transgene were be detected until much later in embryogenesis, after the mated to either wild-type or nos BN females, and the patprimitive gonad is formed. As in the soma, Sxl is found tern of ␤-galactosidase expression was assayed by antionly in the female germline; however, it is not known body staining. ␤-galactosidase is expressed in the soma how the gene is activated (Cline and Meyer, 1996) .
but not in the pole cells of wild-type female embryos To test whether Sxl is prematurely turned on in pole (Figure 2A) . A different result is obtained for nos Ϫ emcells in the absence of nos, we stained 0-4 hr embryos bryos. As illustrated by the female nos Ϫ embryo in Figure  laid by Figure 2B ). both female and male nos Ϫ embryos supports the idea that Nos protein may be more generally responsible for We also tested tailess and twist. tailess is normally expressed at the very posterior of the embryo in the downregulating transcription in germ cells. If this is the case, removal of nos function might result in ectopic region of the soma immediately adjacent to the pole cells, while twist is expressed along the ventral side of activation of genes that are not normally expressed in the germline. To explore this possibility, we examined the embryo. Unlike ftz and even-skipped, we were unable to detect the expression of either of these genes in the expression of two pair-rule segmentation genes, ftz and eve. Shown in Figure 2C is formed pole cells divide asynchronously until the formagerm cells appear to be arrested at the G2-M transition; their DNA content indicates that they have completed tion of the cellular blastoderm. At this stage, wild-type S phase, and they have high levels of the mitotic cyclins embryos have slightly more than 30 pole cells (see Table  A 
and B (Su et al., 1998b). 1). The pole cells then cease dividing and remain mitoti-
Since nos seems to be required in pole cells to inhibit cally inactive until after they coalesce with the somatic RNA polymerase II transcription and block the expresgonadal precursor cells to form the primitive gonad. The sion of somatic genes, an obvious question is whether it also plays a role in regulating the cell cycle. To address it is possible to count nos Ϫ germ cells during the early To provide further evidence that Nos protein is required to maintain the G2-M cell cycle block in pole stages of germband extension, counting becomes difficult at later stages because the mutant germ cells clump cells after cellular blastoderm formation, we examined the expression of cyclin B. In wild-type embryos, cyclin and stain irregularly with Vasa antibody. For this reason, we sought alternative strategies for examining the mi-B accumulates in germ cells from the time they are first formed until after they coalesce in the somatic gonad totic activity of pole cells in germband-extended embryos. (Su et al., 1998b) . This is illustrated in Figure 3 by the wild-type germband-extended embryo double stained When the pole cells of wild-type embryos stop dividing around cellular blastoderm formation, they arrest at with cyclin B and Vasa antibodies ( Figure 3Q ). In contrast, little or no cyclin B can be detected in germ cells the G2-M transition. Wild-type germ cells blocked at this stage in the cell cycle do not express mitotic markers like from nos Ϫ germband-extended embryos ( Figures 3R  and 3S ). These findings indicate that nos is required in phosphorylated histone H-3 (p-H3) (Wei and Allis, 1998). We therefore used an antibody to p-H3 to determine germ cells not only to attenuate the cell cycle in precellular blastoderm embryos but also to maintain the G2-M whether the pole cells of nos Ϫ embryos were appropriately arrested in the cell cycle. Although we readily decell cycle block after the onset of gastrulation. tected cells staining with the p-H3 antibody in wild-type embryos, these cells did not stain with Vasa antibody Sxl Is One of the Critical Targets of nos Ϫ Mediated Repression (Figures 3A-3C ). In fact, in no case did we observe a germ cell in a wild-type germband-extended embryo Why do germ cells in nos mutant embryos fail to regulate cell cycle progression and exhibit defects in their migrathat expressed the p-H3 mitotic marker (n ϭ 20). In contrast, as illustrated in Figures 3D-3H , virtually every tion to the somatic gonad? Since germ cells become transcriptionally active in the absence of nos function, nos Ϫ embryo examined had at least one Vasa-positive cell that also stained with the p-H3 antibody, indicating one mechanism that might give rise to these mutant phenotypes would be the inappropriate expression of that it had entered mitosis (n ϭ 17). These findings suggest that nos Ϫ germ cells continue dividing after the a gene(s) in the newly formed pole cells that alters their identity or behavior. As described above, we identified cellular blastoderm stage. three genes, Sxl, ftz, and eve, whose transcription is is that the migration defects in nos Ϫ embryos arise from the misexpression of not only Sxl, but also of one or turned on in the pole cells of precellular blastoderm embryos from nos Ϫ mothers. Of these three, Sxl is a more additional genes. The segmentation defects of nos Ϫ embryos arise from good candidate, as it is known to function in the germline, and consequently germ cells might have regulatory a failure to repress the translation of maternally derived hunchback (hb) mRNA, and these defects can be elimitargets that are susceptible to Sxl action. Migration Defects nated by generating germline clones that lack a functional hb gene. We generated germline clones that are If the inappropriate expression of Sxl contributes to some of the defects seen in nos Ϫ germ cells, it should mutant for both hb and nos in a female that is also heterozygous for the Sxl 7BO mutation. Females carrying be possible to alleviate these defects by removing the Sxl gene in the zygote. To test this idea, we crossed these germline clones were then mated to Sxl 7BO males, and we scored germ cell migration after staining with nos BN mothers that are heterozygous for a Sxl deletion mutant, Sxl from this cross were double labeled with antibodies directed against Vasa and p-H3. Of the 35 embryos examined, 18 had bilateral germ cell clusters like those transgene, Sx.FL, which expresses a modified female Sxl mRNA under the control of the constitutive hsp83 seen in wild type. In 16 out of these 18 embryos, we could not detect any staining of germ cells with the promoter. We discovered that eggs derived from mothers carrying the Sx.FL transgene differ from wild type p-H3 antibody (Figures 3N and 3P ). In the remaining 17 embryos, the germ cells exhibited migration defects in that they contain low but detectable quantities of Sxl protein. This is illustrated in the Western blot of extracts similar to those seen in the absence of Nos protein.
In all cases, germ cell-specific expression of the p-H3
prepared from unfertilized eggs produced by wild-type and Sx.FL transgene mothers (Figure 6, top) . While no mitotic marker was observed (Figures 3M and 3O) abnormal. Unlike wild-type germ cells, Sx.FL germ cells are often small and irregularly shaped and do not stain evenly with Vasa antibody. These migration defects are each class of embryos the number of embryos exhibiting not due to abnormalities in development arising from migration defects was similar. misexpression of Sxl protein in the soma by the Sx.FL transgene. We found that similar pole cell migration deDiscussion fects are also produced by a paternally derived nos-Sxl transgene that ectopically expresses Sxl protein only in In early Drosophila embryos, the germline precursors, germ cells (data not shown).
the pole cells, exhibit characteristics that distinguish The Germ Cell Migration Defects Seen in hsp83-Sxl them from the soma. Most of these characteristics deEmbryos Are Sex Nonspecific pend upon the functioning of maternal gene products. We also determined whether the germ cell migration Thus far only a small number of genes involved in pole defects were produced in both male and female emcell determination have been identified. Mutations in bryos by staining with antibodies against both Vasa and most of these genes interfere with the formation of pole Sxl. Based on the Sxl antibody staining pattern, the cells, and no pole cells are observed. Included in this embryos could be classified as either strongly stained class are the posterior group genes, which are required and presumably female embryos ( Figures 7E and 7F) , not only for pole cell formation, but also for the developor weakly stained (Sx.FL ϩ ) ( Figure 7G ) and unstained ment of the posterior segments. While mutations in nos (wild type) (data not shown), both presumably male emalso disrupt posterior development, nos differs from bryos. We then examined the migration of germ cells in other posterior group genes in that pole cells are formed. these embryos using the Vasa antibody. No sex-specific differences in germ cell migration were observed, and in On the other hand, nos Ϫ pole cells are abnormal and exhibit a number of defects at later stages of emthat are normally expressed only in the soma assuming an inappropriate identity. The Pie-1 protein contains two bryogenesis, including the premature expression of copies of a C 3 H zinc finger motif found in proteins impligermline-specific enhancer traps and a failure to migrate cated in pre-mRNA metabolism. Antibody staining indito the presumptive gonad. In studies reported here, we cates that Pie-1 is restricted to germ cells and is localtrace the developmental defects of nos Ϫ germ cells back ized preferentially in the nucleus. to the blastoderm stage and show that they are in pro-A plausible explanation for why pie-1 mutants fail to cesses that are likely to be fundamental to the establishrepress transcription comes from studies on the phosment of pole cell identity. Unlike wild-type pole cells, phorylation of the RNA polymerase II large subunit carnos Ϫ pole cells are transcriptionally active at the blastoboxy-terminal domain (CTD). The CTD contains tandem derm stage, and several RNA polymerase II-dependent repeats of a seven-amino acid sequence that contains genes that are normally expressed only in the soma are two serine residues (2 and 5) that are targets for phosectopically activated. In addition, nos Ϫ pole cells fail phorylation. Phosphorylation is thought to play an imto control the cell cycle and instead continue dividing. portant role in polymerase elongation and in the recruitFinally, we show that the Sxl gene is an important target ment of pre-mRNA modifying enzymes (Dahmus, 1996). for repression by nos.
In wild-type C. elegans, RNA polymerase II phosphorylated in the serine-2 residues of the CTD is detected in Transcriptional Another feature that distinguishes germline precursors from nos Ϫ hb Ϫ germline clones exhibit a similar set of from the soma is the cell cycle. Since hb has no known developmental defects as nos Ϫ germ cells (Forbes and role in cell cycle regulation, we suspect that the cell Lehmann, 1998). Conversely, these defects are not incycle defect is due to a failure in the regulation of some duced when hb is ectopically expressed in pole cells other target gene. One possible candidate is cyclin B. (Kobayashi et al., 1996) . Cyclin B mRNA is specifically localized to the posterior A more likely possibility is that nos Ϫ germ cells have pole of early embryos, where it is incorporated into the a defect in the system responsible for attenuating RNA newly formed pole cells (Dalby and Glover, 1992 (Cline and Meyer, 1996) . Since the Sxl protein mRNA in germ cells (Edgar and Lehner, 1996) . is predominantly localized in the cytoplasm of nos Ϫ pole cells, we imagine that it also functions to regulate the Sxl Is a Target 
